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ABSTRACT
We present a multi-band photometric catalog of ≈ 1.7 million cluster members for a field of view
of ≈ 2×2◦ across ω Cen. Photometry is based on images collected with the Dark Energy Camera on
the 4m Blanco telescope and the Advanced Camera for Surveys on the Hubble Space Telescope. The
unprecedented photometric accuracy and field coverage allowed us for the first time to investigate the
spatial distribution of ω Cen multiple populations from the core to the tidal radius, confirming its very
complex structure. We found that the frequency of blue main-sequence stars is increasing compared to
red main-sequence stars starting from a distance of ≈ 25’ from the cluster center. Blue main-sequence
stars also show a clumpy spatial distribution, with an excess in the North-East quadrant of the cluster
pointing towards the direction of the Galactic center. Stars belonging to the reddest and faintest red-
giant branch also show a more extended spatial distribution in the outskirts of ω Cen, a region never
explored before. Both these stellar sub-populations, according to spectroscopic measurements, are
more metal-rich compared to the cluster main stellar population. These findings, once confirmed,
make ω Cen the only stellar system currently known where metal-rich stars have a more extended
spatial distribution compared to metal-poor stars. Kinematic and chemical abundance measurements
are now needed for stars in the external regions of ω Cen to better characterize the properties of these
sub-populations.
Subject headings: globular clusters: general — globular clusters: Omega Centauri
1. INTRODUCTION
The peculiar Galactic Globular Cluster (GGC)
ω Cen (NGC5139) has been subject to substantial obser-
vational efforts covering the whole wavelength spectrum
from the ultraviolet to the near-infrared. This gigan-
tic star cluster, the most massive known in our Galaxy,
M = 2.5× 106 M⊙(van de Ven et al. 2006) has (at least)
three separate stellar populations with a large undis-
puted spread in metallicity (Norris & Da Costa 1995;
Norris et al. 1996; Suntzeff & Kraft 1996; Kayser et al.
2006; Villanova et al. 2007; Calamida et al. 2009; John-
son & Pilachowski 2010). Table 1 summarizes the basic
parameters of ω Cen.
It has been suggested that ω Cen stellar populations
not only show different chemical abundances but also
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have different kinematical properties. In particular, Nor-
ris et al. (1997) matching the spectroscopic abundances
of≈ 500 red-giant (RG) stars with the radial velocities by
Mayor et al. (1997), observed that the metal-rich (MR)
stars of ω Cen do not share the rotational velocity (V ≈
8 Km s−1) of the metal-poor (MP) component. The most
MR stars also seem to have a smaller velocity dispersion
compared to the MP stars. However, these results were
questioned by Pancino et al. (2007) and Sollima et al.
(2009), who found that the most MR stellar component
of ω Cen does not present any significant radial velocity
offset with respect to the bulk of stars. Moreover, the
velocity dispersion profile appears to decrease monoton-
ically from σv ≈ 17.2 km/s down to a minimum value
of σv ≈ 5.2 km/s, in the region 1.5 ≤ r ≤ 28’. For dis-
tances larger than 30’ an hint of a raise in the velocity
dispersion is present, but this result is not statistically
significant (Sollima et al. 2009).
A study of proper motions of the different cluster stel-
lar populations was performed by Ferraro et al. (2002),
who combined the proper motion data of van Leeuwen
et al. (2000) with the photometry of Pancino et al.
(2000). This analysis showed that the most MR stars
in the cluster have a different motion compared to the
metal-intermediate (MI) and MP stars. They suggested
that the most MR stars in ω Cen formed in an indepen-
dent stellar system later accreted by the cluster.
Pancino et al. (2000, 2003), by analyzing the spatial
distribution of a sample of cluster RG stars, concluded
that the three main stellar populations of ω Cen (MP,
MI, and MR) have different distributions: MP stars are
distributed along the direction of the cluster major axis
(E–W), while the MI and MR along the N–S axis. This
result was confirmed by Hilker & Richtler (2000), based
2 Calamida et al.
on their Stro¨mgren photometric metallicities for a sam-
ple of ω Cen RGs. In particular, they found that the
more MR stars seem to be more concentrated within a
radius of 10′ from the cluster center. Sollima et al.
(2005) also found that MR stars are more centrally con-
centrated based on photometry of RG stars for a field of
view (FoV) of ≈ 0.2×0.2◦ across the cluster.
Another peculiar property of ω Cen is the splitting of
the main-sequence (MS). Hubble Space Telescope (HST)
photometry revealed for the first time that ω Cen MS
bifurcates into two main components, the so called blue-
MS (bMS) and red-MS (Anderson 2002; Bedin et al.
2004). Spectroscopic follow-up by Piotto et al. (2005)
showed that bMs stars are more metal-rich than rMS
stars, while their color being bluer. These authors then
suggested that bMS stars constitute a helium-enhanced
sub-population in the cluster. The split of ω Cen MS
was also found by Sollima et al. (2007b) based on Very
Large Telescope (VLT) photometry. They showed that
the two sequences are still well-separated at ≈ 26′ from
the cluster center and that the bMS is more centrally
concentrated compared to the rMS.
The formation history and composition of ω Cen form
a complex puzzle that is being slowly pieced together
by investigations based on the latest generation of tele-
scopes. However, all previous photometric studies were
based on catalogs covering a field of view of no more
than ≈ 40×40′ across ω Cen. We now push forward the
ongoing investigations by combining precise multi-band
DECam photometry, covering ≈ 2×2◦ across the cluster,
and HST data for the cluster center to characterize the
properties of ω Cen multiple stellar populations from the
core to the tidal radius.
The structure of the current paper is as follows. In §2
we discuss the observations and data reduction of DE-
Cam and ACS data of ω Cen. In §3 we illustrate the
calibration strategy used for the ground-based data set
and §4 deals with the selection criteria adopted to iden-
tify candidate field and cluster stars. In §5 we present
the ground-based color-magnitude diagrams while in §6
we illustrate how we performed the astronometric cali-
bration of our data set.
In §7 and 8 we discuss the spatial distribution of the
different ω Cen stellar populations and we summarize
and discuss the results in §9.
2. OBSERVATIONS AND DATA REDUCTION
Photometric data discussed in this investigation be-
long to two different sets from both space and ground
based telescopes. A set of 57 ugri images centered on
ω Cen was collected over 3 nights, 2014 February 24,
2015 June 22 and 2016 March 4, with the Dark Energy
Camera (DECam) on the 4m Blanco Telescope (CTIO,
NOAO). DECam is a wide-field imager with 62 CCDs
and covers a 3 square degree sky FoV with a pixel scale
of 0.263′′. Exposure times for our observations ranged
from 120 to 600s for the u-band and from 7 to 250s for
the other filters. Weather conditions were very good for
all nights with image seeing ranging from 0.8′′ to 1.6′′ for
the u-band and from 0.7′′ to 1.2′′ for the other filters.
Standard stars from the Sloan Digital Sky Survey (SDSS)
Stripe 82 were observed in all filters and at different air
masses for the night of February 2014. The accuracy of
the derived zero points (ZPs) ranges between 2% for the
r and i filters to 4 − 5% for the g and u filters. For
more details on the photometric calibration see Table 3
and Section §3. Table 2 lists the log of the DECam ob-
servations while Fig. 1 shows the footprint of DECam
photometric catalog (black dots) for ω Cen. Note that
stars are missing at the top and bottom of the footprint
since 2 out of the 62 DECam ccds, N7 and S7, are not
operational.
Photometry in the F435W , F625W , F658N filters was
collected with the Advanced Camera for Surveys (ACS)
on board the Hubble Space Telescope (HST) for a region
covering a FoV of ≈ 10′ × 9.5′ centered on ω Cen. For
more details about these observations see Castellani et al.
(2007, hereafter CS07).
DECam images were pre-reduced by using a pipeline
developed by one of us, Photpipe9. Photpipe is a robust
pipeline used by several time-domain surveys (e.g., Su-
perMACHO, ESSENCE, Pan-STARRS1; see Rest et al.
2005, 2014), designed to perform single-epoch image pro-
cessing including image calibration. We used Photpipe
to perform bias subtraction, flat-fielding, cross-talk cor-
rection, geometrical distortion correction and the image
astrometric calibration.
Photometry was performed with a variant of DoPHOT
(Schechter et al. 1993), with a pipeline developed by one
of us for reducing DECam images along the lines de-
scribed in Saha et al. (2010). DoPHOT uses an analyti-
cal function as a model point-spread function (PSF) for
describing different object types. Aperture magnitudes
are determined for bright isolated stars across each of the
60 operational chips of the camera. The difference be-
tween the PSF and aperture magnitudes is mapped over
the field of view, accounting for chip to chip offsets, and
this provides the correction factors for DoPHOT PSF
magnitudes (see Saha et al. 2010, for details). The same
reduction pipeline performs a few quality selections on
the catalog: i) stars that lie too close to the chip bor-
ders, i.e. less than 20 pixels away, are excluded; ii) if
a star has a close neighbor with significant comparative
brightness is excluded; iii) stars with photometric errors
more than 3 sigma the average photometric error for all
objects in the corresponding 0.5 magnitude bin are ex-
cluded.
3. PHOTOMETRIC CALIBRATION
During the night of 2014 February 24, a Stripe82
field was observed in all the four filters, namely
SDSS1048p0000. We retrieved the photometry for the
stars included in this field from the Sloan Digital Sky
Survey (SDSS) and from the Pan-STARRS1 (PS1) cat-
alogs. To transform the photometry into the DECam
natural system we followed the approach of Scolnic et al.
(2015). We derived the transformations from PS1 and
SDSS to the DECam system based on the photometry
of 205 out of the 379 standard stars of the Next Gen-
eration Stellar Library (NGSL10). These standard stars
span a color range −1.0 . g − i . 2.5 mag, and magni-
tudes are in the range 2 . g . 12 mag (for more details
on how these stars were selected see Scolnic et al. 2015).
Fig. 2 shows the comparison of the SDSS and DECam
r-band magnitudes of the selected standard stars versus
9 https://confluence.stsci.edu/display/photpipearmin/Photpipe
10 https://archive.stsci.edu/prepds/stisngsl/
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Fig. 1.— Field of view covered by DECam photometric cata-
log (black dots) and by the ACS catalog (red) across the globular
cluster ω Cen. The orientation is labeled in the figure.
their SDSS g − i color. To convert the magnitudes from
the SDSS to the DECam system, and later from PS1 to
DECam, we used an iterative process. We first selected
a sample of stars by estimating the mean magnitude dif-
ference for each 0.15 mag color bin and kept only stars
with a difference ≤ 1 σ. The figure shows the selected
(blue dots) and the excluded (red) standard stars in the
rSDSS − rDECam vs gSDSS − iSDSS plane. Another 1σ
selection was applied by using the fitted spline, and a
new fit was performed. The final fitting spline is shown
in the figure as a green solid line. This spline was then
used to transform the SDSS and PS1 photometry for the
field SDSS1048p0000 into the DECam natural system.
Two different set of zero points (ZPs) were estimated by
using the two photometries and they are listed in Table 3
together with their root mean square values (note that
the ZP for the u filter was derived exclusively by using
the SDSS photometry). The ZPs derived by using the
SDSS and the PS1 photometry agree at the 2% level.
The instrumental magnitudes of the ω Cen catalog are
corrected for aperture by selecting a few bright isolated
stars for each DECam ccd. The aperture correction is
estimated accounting for chip to chip offsets and mapping
the entire camera FoV. The best seeing image is selected
as a reference for each filter, and the photometry of the
other images is rescaled to this one, after bringing all the
exposures to 1 second.
We then calibrated the mean instrumental magnitudes
by following the equation:
Mi = mi −Ki ×Ai + ZPi (1)
where Mi and mi are the calibrated and instrumen-
tal magnitudes, respectively, Ki are the extinction co-
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Fig. 2.— Selected stars from the Next Generation Stellar Library
in the SDSSr−DECamr vs SDSS g−i color plane. Sigma clipping
selected (blue dots) and excluded (red) stars are shown. The spline
fit is over-plotted as a green solid line.
efficients for the different filters, Ai the air masses of
the reference observations and ZPi the zero points. We
used the extinction coefficients obtained by the DECam
Legacy Survey (DECaLS) collaboration (Li et al. 2016)
for the g, r, i filters, namely Kg = 0.18, Kr = 0.0875 and
Ki = 0.065. For the u filter we used the value Ku = 0.40
obtained from DECam multiple u−band observations of
the Galactic bulge. The air masses of the reference obser-
vations are Au =1.19, Ag =1.15, Ar =1.19 and Ai =1.19.
As ZPs we used the average of the ZPs derived by using
the PS1 and SDSS photometry, namely ZPu = −7.58,
ZPg = −5.48, ZPr = −5.35 and ZPi = −5.45.
The accuracy of the calibration is better than 2% for
the gri filters, while is ≈ 5% for the u filter.
The calibrated photometric catalog for ω Cen includes
686, 746 stars with a measurement in the r and i filters,
598, 429 with a measurement in the g filter, and 398, 604
stars were also measured in the u filter. Fig. 3 shows the
i, u− i (left panel), i, g− i (middle) and i, r− i (right)
color-magnitude diagrams (CMDs) for all stars observed
in the FoV towards ω Cen. The Signal to Noise ratio
(S/N) is ≥ 20 down to u ≈ 23 mag, g ≈ 23 mag, r ≈ 23
mag, and i ≈ 22.5 mag, which are the catalog limiting
magnitudes. These CMDs are heavily contaminated by
field stars, mostly thin and thick disk and halo stars (see
the Galactic simulation for a 1 deg2 FoV around ω Cen
of Marconi et al. 2014 and their Figure 11).
The ACS photometry was kept in the VEGA system
and we applied the camera charge transfer efficiency cor-
rection and the available ZPs for the F435W , F625W ,
F658N filters following the prescriptions by Sirianni
et al. (2005). For more details on the photometric cali-
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bration of this catalog see CS07.
4. A CLEAN SAMPLE OF CLUSTER STARS
To separate field and cluster stars we adopted a sim-
ilar approach as suggested by Di Cecco et al. (2015).
To take advantage of the multi-band optical photometry
available for globular clusters they estimated the cluster
ridge lines using different CMDs based on the same mag-
nitude (r) and different colors. To improve the precision
of the cluster ridge lines the candidate cluster stars were
selected according to their radial distance and to their
photometric errors. Once the multiple ridge lines were
estimated they generated a multi-dimensional CMD and
the candidate cluster stars were selected using a vari-
able σ-clipping over the entire magnitude range. This
approach is seen to be quite robust, since they were able
to separate candidate field and cluster stars for M 71, a
metal-rich globular projected onto the Galactic bulge.
However, the quoted method can be hardly adopted in
a globular cluster like ω Cen, due to the presence of well-
defined multiple sequences mainly caused by a difference
in metal content (Calamida et al. 2009; Johnson & Pila-
chowski 2010). Therefore, the separation was performed
using a new improved approach. We estimated the ridge
lines of the different sub-populations identified along the
cluster red-giant branch (RGB), the main sequence turn-
off (MSTO) and the main sequence (MS). The horizon-
tal branch (HB) stars were not included since they are
typically bluer than field stars. These ridge lines were
estimated neglecting the stars located in the innermost
cluster regions (r ≤ 3′) and applying several cuts in radial
distance and in photometric accuracy. Note that to fully
exploit the current photometric catalog we only selected
stars with accurate measurements in all the four ugri
bands. Once the ridge lines (seven) have been estimated
we performed a linear interpolation among them and gen-
erated a continuos multi-dimensional surface. Finally, we
used two different statistical parameters to separate field
and cluster stars:
1) we estimated the cumulative standard deviation
among the position of individual stars and the reference
surface;
2) we associated a figure of merit to the distance in
magnitude and colors among the individual stars and
the reference surface.
We have performed a number of test and trials to
sharpen the selection criteria to separate cluster and
field stars. The approach was conservative, in the sense
that we preferred to possibly lose some of the candidate
cluster stars instead of including possible candidate field
stars. A glance at Fig. 4 shows the advantages of the
current approach. The left panel displays the color-color-
magnitude diagram, u−r vs g−i vs r, for candidate field
(gray dots) and cluster (multi-color) stars seen from the
front, while the right panel shows the same plot but seen
from the back. Note that the candidate field stars dis-
play a smooth distribution both in magnitude and in
color. In passing we note that the current approach can
be applied to separate field and cluster stars thanks to
the opportunity to use the u filter, since this band al-
lows a better sensitivity to both effective temperature
and metallicity. Fig. 5 shows the candidate field stars in
the i, u− r CMD. No clear cluster sequence is present in
the field star sample in the entire magnitude range down
TABLE 1
Positional, photometric and structural
parameters of the Galactic Globular
Cluster ω Cen
Parameter Ref.a
α (J2000) 201.694625 1
δ (J2000) -47.48330 1
MV (mag)
a -10.3 3
rc (arcmin)b 2.58 3
rt (arcmin)c 57.03 2
ed 0.12 4
σV (km s
−1)e 17± 1.6 5
E(B-V)f 0.11± 0.02 6
(m −M)0 (mag)g 13.71± 0.02± 0.03 1
aReferences: 1) Braga et al. (2016); 2) Harris
(1996); 3) Trager, King & Djorgovski (1995); 4)
Geyer, Nelles & Hopp (1983); 5) Merrit, Meylan
& Mayor (1997); 6) Calamida et al. (2005) a Total
Visual magnitude. b Core radius. c Tidal radius.
d Eccentricity. e Stellar central velocity, disper-
sion. f Reddening. g True distance modulus.
to i ≈ 23 mag. It is interesting to note the sequence
of disk white dwarfs at -0.5≤ u − r ≤ 1.0 mag and i ≥
18 mag that were excluded from the cluster sample after
applying our selection method.
5. THE CLUSTER COLOR-MAGNITUDE DIAGRAMS
Following the procedure described in section §4 we
ended up with a catalog of 266,769 cluster members with
a measurement in all the four ugri filters. The u-band
photometry is limiting the depth of the catalog, but it
was essential in allowing the cluster and field star separa-
tion. Fig. 6 shows the same CMDs of Fig. 3 but for clus-
ter members only. No selection in photometric accuracy
is applied. All the cluster sequences are well-defined, in-
cluding the extreme horizontal branch (EHB) at u− i ≈
-1, g − i ≈ -0.7, r − i ≈ -0.3 and 18 < i < 20 mag, and
the white dwarf (WD) cooling sequence at u − i ≈ -1,
g − i ≈ -0.7, r − i ≈ -0.3 and i < 21 mag. The CMDs
reach i ≈ 21.5 mag with S/N > 50.
To verify the plausibility of the photometric calibration
we used theoretical isochrones and Zero Age Horizontal
Branch (ZAHB) loci from the BASTI database11. These
models are in the Sloan photometric system (Fukugita
et al. 1996) and were transformed to the DECam system
by using the empirical transformations derived in section
§3. Extinction coefficients in the ugri filters were esti-
mated by using the Cardelli et al. (1989) reddening law
and DECam filter transmission functions. We obtained
Au = 1.70×AV , Ag = 1.18×AV , Ar = 0.84×AV , and
Ai = 0.63×AV . We used an absolute distance modulus
of µ0 = 13.71±0.02±0.03 mag (Braga et al. 2016) and
a reddening of E(B − V ) = 0.11 ±0.02 mag (Calamida
et al. 2005). We selected two isochrones for the same
age, t = 12 Gyr, and different metallicities, namely Z =
0.004, Y = 0.251, and Z = 0.0006, Y = 0.246. These
values, -1.84 ≤ [Fe/H ] ≤ -1.01, approximately bracket
the bulk of ω Cen metallicity dispersion (Calamida et al.
2009). The agreement between theory and observations
11 http://albione.oa-teramo.inaf.it
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TABLE 2
Log of the observations collected with DECam on the 4m Blanco telescope for ω Cen (CTIO, NOAO, proposal IDs:
2014A-0327, 2015A-0151, 2016A-0189, PIs: A. Calamida, A. Rest).
Name Exposure time Filter RA DEC Seeing
(s) (hh:mm:ss.s) (dd:mm:ss.s) (arcsec)
February 24, 2014
omegacen.u.ut140224.052814.fits 120 u 13:26:47.288 -47:28:45.894 1.2
omegacen.u.ut140224.053340.fits 120 u 13:27:00.889 -47:33:26.593 1.3
omegacen.u.ut140224.053907.fits 120 u 13:26:33.338 -47:31:08.396 1.2
omegacen.u.ut140224.054435.fits 120 u 13:26:13.607 -47:34:28.294 1.6
June 22, 2015
omegacen.g.ut150622.035733.fits 250 g 13:26:47.047 -47:28:45.995 1.2
omegacen.g.ut150622.040213.fits 250 g 13:26:27.319 -47:28:46.196 1.2
omegacen.g.ut150622.040649.fits 250 g 13:26:27.337 -47:32:06.295 1.2
omegacen.g.ut150622.041130.fits 250 g 13:26:47.058 -47:32:06.194 1.1
March 4, 2016
omegacen.r.ut160304.072010.fits 80 r 13:26:48.138 -47:27:41.994 0.8
omegacen.r.ut160304.072202.fits 80 r 13:26:40.258 -47:27:41.695 0.8
omegacen.r.ut160304.072350.fits 80 r 13:26:40.229 -47:26:21.494 0.8
omegacen.r.ut160304.072538.fits 80 r 13:26:48.178 -47:26:21.793 0.8
This table is available in its entirety in a machine-readable form in the online journal.
TABLE 3
Zero points derived for Stripe 82 field SDSS1048p0000 by using SDSS and PS1 photometry.
System u g r i rmsu rmsg rmsr rmsi
PS1 . . . -5.466±0.002 -5.350±0.002 -5.440±0.002 . . . 0.03 0.02 0.03
SDSS - 7.577±0.007 -5.495±0.003 -5.352±0.003 -5.462±0.002 0.05 0.04 0.03 0.03
TABLE 4
Values of the peaks and Full-Width half maximum (FW)
for the three Gaussians that fit the three sub-populations
along ω Cen MS: P1 for the red MS, P2 for the MS-a and
P3 for the blue MS. See text for more details.
∆ Mag P1 FW1 P2 FW2 P3 FW3
5’ ≤ r < 10’
18 ≤ i < 18.5 0.00 0.07 0.04 0.16 . . . . . .
18.5 ≤ i < 19 0.00 0.09 0.04 0.21 . . . . . .
19 ≤ i < 19.5 0.00 0.12 0.04 0.26 . . . . . .
19.5 ≤ i < 20 0.00 0.12 0.03 0.30 -0.10 0.05
20 ≤ i < 20.5 0.00 0.19 0.19 0.19 -0.10 0.26
20.5 ≤ i < 21 0.01 0. 21 0.20 0.09 -0.18 0.16
10’ ≤ r < 15’
18 ≤ i < 18.5 0.00 0.04 0.03 0.11 . . . . . .
18.5 ≤ i < 19 0.00 0.05 0.02 0.13 . . . . . .
19 ≤ i < 19.5 0.00 0.06 0.03 0.19 -0.07 0.03
19.5 ≤ i < 20 0.00 0.09 0.01 0.20 -0.09 0.06
20 ≤ i < 20.5 0.00 0.09 0.01 0.28 -0.12 0.07
20.5 ≤ i < 21 0.00 0.09 -0.02 0.27 -0.15 0.07
15’ ≤ r < 66’
18 ≤ i < 18.5 0.00 0.05 0.06 0.07 . . . . . .
18.5 ≤ i < 19 0.00 0.07 0.06 0.16 . . . . . .
19 ≤ i < 19.5 0.00 0.07 0.08 0.09 -0.07 0.05
19.5 ≤ i < 20 0.00 0.05 0.03 0.09 -0.08 0.09
20 ≤ i < 20.5 0.00 0.07 0.04 0.16 -0.11 0.09
20.5 ≤ i < 21 0.00 0.09 0.06 0.16 -0.13 0.14
is quite good in the entire magnitude range in all the
three CMDs. The HB in the i, u − i CMD is slightly
bluer than the ZAHBs. This effect might be due to the
calibration uncertainties, ≈ 5%, and to uncertainties in
the u-band bolometric correction of the models.
6. ASTROMETRY AND COORDINATE SYSTEM
The astrometric calibration of ω Cen DECam catalog
to the equatorial system J2000 was performed by using
Photpipe and the Two Micron All Sky Survey (Cutri
et al. 2003) catalog of stars as a reference. The final
accuracy is better than 0.03” in both right ascension and
declination.
The astrometry of the ACS catalog was performed by
matching the photometry with stars from the catalog
of van Leeuwen et al. (2000) with proper motions and
membership probabilities (for more details see CS07).
We matched the ACS and DECam photometric cat-
alogs for cluster members by using a 0.5” searching
radius. The matched catalog includes 1,722,810 stars
covering a FoV of 2.3×2.2◦ across ω Cen and includ-
ing photometry in seven photometric bands, namely
F475W,F625W,F658N, u, g, r, i (see Fig. 1). To our
knowledge, this is the largest multi-band data set ever
collected for a Galactic globular cluster after our ACS-
WFI catalog published in CS07.
The equatorial coordinates α and δ in degrees were
converted to cartesian coordinates by following the
prescriptions of van de Ven et al. (2006) with the cluster
center at α0 = 201.694625
◦and δ0 = -47.48330
◦(Braga
et al. 2016). Setting x in the direction of West and y in
the direction of North:
x = −r0 · cosδ · sin∆α
y = r0 · (sinδ · cosδ0 − cosδ · sinδ0 · cos∆α)
where ∆α = α− α0 and r0 = 10, 800/pi to have x and
y in arcminutes.
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Fig. 3.— DECam ugri color-magnitude diagrams towards ω Cen. Error bars are marked.
We then projected the cartesian coordinates x and y
with the x and y axes aligned with the observed major
and minor axes of ω Cen, respectively. To accomplish
this we rotated the coordinates by the position angle of
the cluster, defined as the angle between the major axis
and the North direction measured counterclockwise by
using a value of 100◦ (van de Ven et al. 2006). The
combined ACS-DECam photometric catalog with coor-
dinates aligned on ω Cen major and minor axis will allow
us to investigate the behavior of the cluster different sub-
populations as a function of distance from the center.
7. THE MAIN-SEQUENCE SPLIT
Based on HST photometry Anderson (2002) before,
and later Bedin et al. (2004), revealed that ω Cen MS is
bifurcating into two main components, the so called blue-
MS (bMS) and the red-MS (rMS). The color difference
between the two sequences changes with magnitude, and
they are clearly separated in the magnitude interval 20.5
< V < 22. The HST observations included a central field
and a field located at ≈ 17′ from the cluster center. A
spectroscopic follow-up by Piotto et al. (2005) found that
bMS stars are more metal-rich than rMS stars counter
to expectations. These authors proposed that bMS stars
constitute a helium-enhanced sub-population in the clus-
ter to explain the observed anomaly. ω Cen MS split was
also found by Sollima et al. (2007b) based on VLT pho-
tometry. They showed that the two sequences are still
well-separated at ≈ 26′ from the cluster center and that
bMS stars are more centrally concentrated compared to
rMS stars. The ratio of bMS and rMS stars decreases
from a value of ≈ 0.28 at a distance from the cluster
center of ≈ 7′ down to 0.15 for distances larger than
19′. Bellini et al. (2010), by using deep HST observa-
tions collected in different filters from the ultraviolet to
the red, showed the presence of a third MS, named MS-a,
that better separates in the F435W, F336W − F435W
CMD, and seems to be connected to ω Cen faintest sub-
giant branch (SGB), the so called SGB-a (Ferraro et al.
2004), and the reddest and most metal-rich RGB, the
so-called RGB-a Pancino et al. (2000), and named ω3
by us (CS07). However, these analyses were limited to
the cluster central region (HST data) and up to a dis-
tance of 25′ (HST and VLT data). DECam photometry
and the ability to remove the field component by using
color-color-magnitude diagrams opens up the possibility
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to investigate the spatial distribution of the two MSs un-
til ω Cen tidal radius.
The left panel of Fig. 7 shows a zoom of DECam i, g−i
CMD in the magnitude interval 18.0 ≤ i ≤ 21.0. The
split of the MS is evident, with the bMS well-separated
from the rMS in the magnitude range 19.0 ≤ i ≤ 21.0.
This is the first time that ω Cen MS split is observed
with a 4m-class ground-based telescope. The g − i color
distance between the two sequences is changing with
magnitude and reaches a maximum of ≈ -0.18 mag at
i ≈ 21 mag. Unfortunately, our catalog does not have
the sufficient photometric accuracy to allow us to in-
vestigate the behavior of the MS at fainter magnitudes.
The ridge line of the rMS is over-plotted on the i, g − i
CMD of Fig. 7 as a red solid line. The ridge line color
at the corresponding magnitude was subtracted to each
star observed color to straighten the MS. The result of
this process is shown in the right panel of the figure. We
then estimated the distance of each star from the cluster
center by using the coordinates aligned with the major
and minor axes and divided the stars in three concentric
annuli from 5 to 66′, including approximately the same
number of stars per radial annulus. Stars were then di-
vided in six 0.5 magnitude bins from i = 18 down to i
= 21. Fig. 8 shows the star g − i observed color minus
the ridge line color histograms for the six magnitude in-
tervals for the annulus in the distance interval 10 < r <
15′. The panels show that the color distributions are
asymmetric, being skewed towards the red in the entire
magnitude range, and they separate in two main peaks
starting at i ≈ 19 mag. The skewness is probably due
to the presence of the third MS (MS-a), that the accu-
racy of the photometry and the g − i color sensitivity
does not allow us to separate it from the rMS, and to
the presence of blends and unresolved binaries. We fit-
ted the six histograms with three Gaussians reproducing
the rMS (P1), the MS-a (P2) and the bMS (P3), respec-
tively. The three Gaussian functions used in the fit and
their sum are shown in the figure as red (rMS), green
(MS-a), blue (bMS) and black solid lines. The peaks and
the Full-Width Half Maximum values of the Gaussians
are indicated in the plots and listed in Table 4.
DECam photometry clearly shows that ω Cen MS split
is present at all distances from the cluster center until the
tidal radius. The g− i color separation between the rMS
(P1) and the bMS (P3) is the same, within the uncer-
tainties, for the three different annuli, going from 0.07 to
0.15 mag for 10 ≤ r <15′, according to the magnitude
interval.
7.1. The ratio of blue and red main-sequence stars
To characterize the spatial distribution of ω Cen MS
stars we computed the ratio of bMS and rMS stars,
r(bMS/rMS) = N(bMS)/N(rMS), as a function of the
radial distance. To select the sample of bMS and rMS
stars we first produced a 3D CMD for stars in the mag-
nitude interval 19.25 < i < 20.5, where the MS best sep-
arates. Fig. 9 shows the 3D CMD: color g− i, magnitude
i, and luminosity function. To overcome subtle problems
in constraining the position of the MS peaks caused by
the binning of the data, we associated to each star a
Gaussian kernel with a sigma equal to its intrinsic error
in the g − i color measurement. The green surface was
computed by summing all the individual Gaussians over
the entire color and magnitude range. A glance at the
surface discloses two distinct backbones tracing the bMS
and the rMS (blue and red solid lines, respectively). To
further improve the identification of bMS and rMS stars,
the blue and the red lines display the peaks of the two
sequences, while the black solid line marks the valley be-
tween the two different sub-populations, i.e. the relative
minimum between the two relative maxima.
The 3D CMD plotted in Fig. 9 clearly shows that the
separation between bMS and rMS stars is far from be-
ing trivial, since the difference in color is magnitude de-
pendent. Moreover, the MSs associated to the two sub-
populations display, at fixed magnitude, different broad-
enings in color. To overcome thorny problems in the se-
lection criteria adopted to identify bMS and rMS stars,
we adopted an incremental approach. Firstly, we only
selected stars that are located within ± 0.02 mag from
the blue and the red backbone in the 19.25 < i < 20.5
magnitude interval. This means we selected stars with
a distance in g − i color from the backbone of ∆ = 0.04
mag. The adopted minimum color bin was driven by
the typical color uncertainty in the selected magnitude
range. We then repeated the same selection but increas-
ing the distance in color from the backbone. Note that
the bMS and the rMS samples never overlap, since the
inner boundary is traced by the valley plotted in Fig. 9.
To improve the statistics of the two samples, the range
in color was increased up to 0.3 mag. We performed a
number of tests and this color bin is a good compromise
between the width in color of the bMS plus the rMS and
the contamination of field stars. It is clear that with a
wider bin in color, we mainly select stars that are located
along the slopes either of the bMS or of the rMS back-
bone. As a whole we ended up with 28 bins in g− i color
ranging from 0.02 to 0.3 mag.
To validate the criteria adopted for the selection of
bMS and rMS stars Fig. 10 shows the quoted selection in
the i, g−i CMD. The left panel shows the selection based
on a g − i color range ∆ = 0.04 mag. Note that for this
selection the blue and the red samples are approaching
the valley in the bright regime, i < 19.4 mag, but they
are well separated in the faint regime. The middle panel
shows an intermediate selection in which the two sub-
populations already approached the valley over the entire
magnitude range, while the right panel shows bMS and
rMS stars selected by using a wider g − i color range.
Fig. 11 shows the 3D plot of the ratio between bMS
and rMS stars as a function of the radial distance and
of the g − i color range used in the selection for the en-
tire sample of stars included in the 19.25 < i < 20.5
magnitude interval (left panel), for only the candidate
cluster stars (middle), and for only the candidate field
stars (right). The different color selections were plotted
with different arbitrary colors to highlight the difference
when moving from narrower to wider color bins. Table 5
lists the number of bMS and rMS stars and their ratio for
the samples of candidate cluster and field stars for ∆ =
0.15 mag. The ratios plotted in the three different panels
and listed in the table display several relevant features
worth being discussed in more detail:
1) The ratio between bMS and rMS is far from be-
ing constant across the body of the cluster. It shows
a well defined minimum, r(bMS/rMS) = 0.17 ± 0.005,
for radial distances of 20 < r < 25′, in which the ra-
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tio decreases by almost a factor of two from the half-
mass radius (5′), and then it starts to steadily increase.
Note that all previous investigations concerning the ra-
dial trend of bMS and rMS stars reached a maximum
distance of ≈ 25′ from the cluster center.
2) The population ratios display two relative maxima
in approaching the cluster center and for radial distances
of the order of 45–50′. These findings are independent
of the g − i color bin used to select the sample of bMS
and rMS stars and indeed the radial trends are quite
similar when moving from the narrower to the wider
bin. Moreover, the current finding is also independent
of the approach used to select candidate cluster and field
stars. The population ratios are similar in the left panel
of Fig. 11, where the ratio is the entire sample of stars,
and in the middle panel, where it is based on only can-
didate cluster members.
3) Data plotted in the middle panel of Fig. 11 further
support the evidence that the maximum in the popu-
lation ratio is attained in the outskirts of ω Cen (r ≈
48′), where bMS stars are overwhelming rMS stars, the
ratio being of the order of 1.2 (see Table 5). The pop-
ulation ratio increase in the innermost cluster regions
only produces a relative maximum. This trend becomes,
for statistical reasons, more clear when moving from the
narrower to the wider color bins.
4) The radial trends of the population ratio display a
steady decrease when moving from the maximum (r ≈
48′) to the truncation radius (r ≈ 57′) of the cluster.
This decrease is affected by statistics, and indeed, the
narrower color bins are slightly noisier when compared
to the wider ones.
The population ratios based on only candidate field
stars plotted in the right panel of Fig. 11 show a trend
that at glance might appear counterintuitive, since they
display a well defined maximum in approaching the in-
nermost cluster regions, with r(bMS/rMS) = 4.04 ±
0.15. The expected trend would have been a relatively
flat distribution, as observed for distances larger than ≈
35′. However, this is a consequence of the fact that we
are plotting the ratio between bMS and rMS stars and
not the star counts. The ratios attain similar values, but
the number of bMS and rMS stars among candidate clus-
ter and field stars are significantly different. In passing
we also note that the ripples showed by the cumulative
population ratios are a consequence of small fluctuations
in the number of blue and red candidate field stars.
To further quantify the difference in star counts be-
tween cluster and field candidate stars the left panel of
Fig. 12 shows the ratio of blue candidate field and cluster
stars. The radial trends show that star counts of blue
field stars are at least two order of magnitude smaller
than those of blue cluster stars. This means that the
maximum in the bMS and rMS star ratio in the right
panel of Fig. 11 is caused by a non-perfect separation be-
tween candidate field and cluster stars. However, the star
counts of blue field stars are at most a few hundredths
of the candidate blue cluster members. This means that
they do not affect the current findings concerning the
radial trend of the population ratio. The same outcome
applies to the minimum and to the maximum of the pop-
ulation ratios. The candidate cluster bMS stars outnum-
ber the candidate blue field stars up to radial distances
of the order of 35′. In these regions the two samples at-
tain, within the errors, star counts log(Nfield/NMS) ≈ 0.
At larger radial distances the candidate field stars out-
number, as expected, candidate cluster members. The
ratios plotted in the right panel of Fig. 12 are based on
candidate red field stars and candidate rMS stars. The
radial trends are similar to the trends of the blue stars.
Data plotted in Fig. 12 are suggesting that we are quite
confident concerning the robustness of the population ra-
tios for radial distances smaller than ≈ 50′. The decrease
in the population ratio at larger distances requires in-
dependent confirmation possibly based on photometric
catalogs selected using proper motion.
To further support our result we plotted in Fig. 13 the
i, g− i CMDs of candidate cluster (left panels) and field
(right) stars for two external radial annuli, 30 ≤ r < 35
and 35 ≤ r < 60′, respectively. The figure shows that
our method to separate cluster and field stars is very
effective until large distances, r ≥ 30′, from the cluster
center. However, as discussed before and illustrated in
the previous figures, some ω Cen stars might be miss-
classified as field stars in the more internal regions of
the cluster. A residual contamination of field stars in
the cluster MS samples might also be present at large
distances from the center (see bottom left panel).
7.2. Star counts across the body of the cluster
The spatial distribution of ω Cen MS stars appears to
be even more complicated than suggested by the radial
gradient. The density map of the ratio between bMS
and rMS stars is plotted in the left panel of Fig. 14.
The population ratio shows a clumpy distribution, with
a well-defined North/South asymmetry in the outermost
cluster regions, being the bMS stars significantly more
abundant in the Northern quadrants. Thus suggesting
that the clumping in the radial gradient might be as-
sociated to azimuthal variations across the body of the
cluster. It is worth noting that the main over-density of
bMS stars is pointing towards the Galactic center (GC)
(Dauphole et al. 1996; Leon et al. 2000, see the arrows
plotted in the left panel of Fig. 14). These findings seem
to suggest a connection between the spatial distribution
of bMS stars and ω Cen dynamical evolution. A more
quantitative analysis of the difference between bMS and
rMS stars in these cluster regions does require new kine-
matic and spectroscopic data.
The anonymous referee suggested us to investigate
whether possible extinction variations across the body
of the cluster could affect the current population ratio.
To verify that our result is not affected by foreground
reddening, we downloaded reddening values provided by
Schlafly & Finkbeiner (2011)12 for the region covered by
the current photometric catalog. The reddening color
density map of the observed field is shown in the right
panel of Fig. 14. The reddening in the current FoV has
a minimum value of ≈ 0.07 mag and a maximum of ≈
0.18, with a mean reddening of E(B − V ) = 0.11 mag
and a total dispersion of σE(B−V )= 0.02 mag. These
values are in very good agreement with the dispersion
σE(B−V ) . 0.03 mag found by Cannon & Stobie (1973)
and Calamida et al. (2005) based on photometric stud-
ies of ω Cen. This low differential reddening could move
stars from the blue to the red MS sample. However, the
12 http://irsa.ipac.caltech.edu/applications/DUST/
The not so simple globular cluster ω Cen 9
Fig. 4.— ugri DECam color-color-magnitude diagram of ω Cen members (different colors mark different selected cluster sequences) and
field stars (gray dots) seen from the front (top panel) and the back (bottom).
Fig. 5.— DECam i, u−r color-magnitude diagram of candidate
field stars in the observed field of view.
observed over-densities of bMS stars when moving to-
wards the outermost cluster regions cannot be caused by
an increase in the extinction. An increase in differential
reddening causes a decrease in the population ratio, since
truly bMS stars are moved into the rMS sample. There-
fore, the current population ratio can be considered as a
lower limit to the real one.
On the other hand, the presence of higher dust ex-
tinction (E(B−V ) ≈ 0.15–0.16 mag) in the South-West
corner of the cluster might explain the observed increase
in rMS stars in the cluster regions located along the di-
rection of ω Cen proper motion.
7.3. Comparison with literature
Our result is in agreement with the findings of Bellini
et al. (2009, hereinafter BE09), based on HST data, for
distances 5 . r . 10′. At larger distances and up to r ≈
20′, i.e. the region of ω Cen sampled by Bellini et al., our
ratio of bMS and rMS stars is significantly lower than the
ratio found by the quoted authors. At r ≈ 15′, for in-
stance, Bellini et al. found a ratio of 0.36±0.04, while
we find a ratio of 0.21±0.003, more than 3σ smaller. On
the other hand, our findings do not agree with the study
of Sollima et al. (2007b) for distances smaller than r ≈
10′, while they agree very well at larger distances and up
to r ≈ 25′, i.e., the cluster region sampled by VLT pho-
tometry. BE09 claim that Sollima et al. ratio is lower
compared to their findings due to the wider color range
they used to select rMS stars, which would include un-
resolved binaries and members of the third MS, making
the bMS and rMS population ratio smaller. The differ-
ent approaches used to select bMS and rMS stars might
also be the origin of the difference we find between our
ratios and Sollima et al. ratios at small distances from
the cluster center.
As far as the difference between our ratios and BE09
values for distances larger than 10′, we have to take into
account several circumstantial evidence. Our sample of
rMS stars is contaminated by unresolved binaries, MS-a
stars, and marginally by blends in these more external
cluster regions. Photometric and spectroscopic analysis
provide a binary frequency for ω Cen of ≈ 5% (Mayor
et al. 1996; Sollima et al. 2007a), and MS-a stars, which
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Fig. 6.— DECam ugri color-magnitude diagrams of ω Cen cluster members. Isochrones for the same age, t = 12 Gyr, and different
metallicities are over-plotted (see labeled values). The respective zero age horizontal branch (ZAHB) tracks are also shown. Error bars are
marked.
are the counterpart of RGB-a stars, are less than 5% of
cluster stars (Pancino et al. 2000, CS07). These factors
will cause an artificial increase in the star counts of the
rMS, i.e. a decrease in the population ratio we are deal-
ing with. By accounting for these factors, our population
ratio would agree with the findings of BE09. However,
these factors cannot explain the global decreasing trend
of the ratio of bMS and rMS stars observed with DECam
data and not found by BE09. The number of binaries is
indeed expected to decrease at increasing distances from
the cluster center, and the MS-a stars are supposed to
be more centrally concentrated compared to metal-poor
stars (Pancino et al. 2003; Bellini et al. 2009). The num-
ber of these objects and blends decreases at larger dis-
tances from the cluster center, with the net effect of an
increase of the bMS and rMS ratio. However, DECam
data are clearly showing that this population ratio is de-
creasing from ≈7′ up to a distance of ≈ 25′, where it
attains a broad minimum value of ≈ 0.17.
We are thus left with the following evidence:
a) the current population ratio agrees well with star
counts provided by BE09 in the innermost cluster regions
(5 ≤ r ≤ 10′) and attains a value r(bMS/rMS) ≈ 0.3–
0.4;
b) the current star counts agree well with star counts
provided by SO07 in the cluster regions located between
10 ≤ r ≤ 25′, and show a decreasing population ratio
from a value r(bMS/rMS) ≈ 0.3–0.4 down to ≈ 0.15–
0.2.
c) r(bMS/rMS) is increasing for distances larger than
≈ 25′ reaching a peak value of ≈ 1.2 at ≈ 48′
The above empirical evidence brings forward a very
interesting implication. Spectroscopic measurements are
available for 17 blue MS stars and they suggest that
the bMS is more metal-rich than the rMS (Piotto et al.
2005). Our photometric analysis shows that the radial
trend of this sub-population becomes more and more rel-
evant when moving towards the outskirts of the cluster.
This behavior is different from what it is observed in
some nearby dwarf galaxies, where more metal-rich stars
are centrally concentrated when compared with the more
metal-poor ones (Bono et al. 2010; Fabrizio et al. 2015).
This radial trend is further supported by metallicity gra-
dients based on spectroscopic measurements of nearby
dwarf galaxies (Ho et al. 2015) and on photometric in-
dices (Mart´ınez-Va´zquez et al. 2016), suggesting either
a relatively flat metallicity distribution or a steady de-
crease when moving from the innermost to the outer-
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Fig. 7.— Left - Zoom of the ω Cen i, g− i color-magnitude diagram. The ridge line for the rMS is over-plotted as a red solid line. Error
bars are marked. Right - Observed star g − i color minus the ridge line color for the respective i magnitude.
most galaxy regions. ω Cen seems to show an opposite
trend with a population of more metal-rich stars less con-
centrated compared to the more metal-poor population.
The reasons for the possible difference in the metallic-
ity trend between ω Cen and nearby dwarf galaxies are
not clear and new spectroscopic measurements to infer
kinematical and abundance properties of a larger sample
of bMS and rMS stars at different radial distances are
required to better characterize their nature or nurture.
8. THE SPATIAL DISTRIBUTION OF RED-GIANT
BRANCH STARS
The bMS has its counterpart in one of the multiple
RGBs of ω Cen, possibly at a metallicity intermediate
for the cluster range (for more details on the correspon-
dence between the triple MS and the multiple sub- and
red-giant branches see Bellini et al. 2010). Unfortu-
nately, it is not possible to clearly separate the differ-
ent intermediate RGBs without using the information
on the star chemical composition. For the more cen-
tral regions of the cluster, up to ≈ 25′, low- and high-
resolution spectroscopy and photometric metallicities are
available. For the outskirts of the cluster, no metallic-
ity information is available so far. Therefore, we decided
to investigate the spatial distribution of the bluest and
brightest SGB/RGB, the most MP sub-population in
ω Cen according to spectroscopy, corresponding to the
rMS. We compared the properties of this sub-population
to the ones of the faintest and reddest SGB/RGB, the
most MR cluster sub-population according to spectro-
scopic measurements and corresponding to the reddest
MS. The reddest MS, or MS-a, is difficult to separate
from the rMS because it overlaps with its sequence of
unresolved binaries. However, MS-a has its continua-
tion on ω Cen reddest RGB, the ω3 branch, which con-
stitutes the most MR sub-population of the cluster based
on spectroscopic data (Pancino et al. 2000, 2007). The
ω3 branch is well-separated from the other RGBs in the
i, u − i or u, u − i CMDs and the F475W, F475W −
F625W or F625W, F475W −F625W CMDs, where the
temperature sensitivity is larger (see Fig. 6). Therefore,
we used the u, u − i CMD, and for the internal regions
of the cluster, r . 5′, the F475W, F475W − F625W
CMD to select a sample of stars along the ω3 branch.
We also decided to compare the properties of ω3 stars
and of the most MP sub-population with a sample of
stars representative of a cluster metal-intermediate (MI)
sub-population. To select candidate MP and MI stars
we used the following method. We draw two ridge lines
following the MP and one MI RGB on the u, u − i and
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Fig. 8.— g − i color histograms of ω Cen straightened main-
sequence for six i-band magnitude intervals for the distance annulus
10 < r < 15′. The three Gaussian functions and their sum used to
fit the histograms are indicated as red (rMS), green (MS-a), blue
(bMS) and black (total) solid lines. The Peak (P) and Full-Width
Half Maximum (FW) values for the Gaussians are shown.
F475W, F475W − F625W CMD, respectively, and se-
lected stars 0.1 mag fainter and brighter than these ridge
lines. Note that the aim of this analysis is to select a
sample of MP stars and of stars with a metallicity inter-
mediate between the MP and the ω3 sub-population.
Fig. 15 shows DECam u, u − i (top panel) and ACS
F475W, F475W − F625W CMD (bottom) with the se-
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Fig. 9.— 3D i, g − i CMD of ω Cen main-sequence in the
magnitude interval 19.25 < i < 20.5. The vertical axis indicates
the luminosity function as described in §7.1. The blue and red
solid lines indicate the blue and the red main-sequence ridge lines,
respectively. The black solid lines marks the valley, i.e. the relative
minimum between the two relative maxima.
lected sample of MP (blue dots), MI (green) and MR
(red) stars. The three samples of cluster stars have a
similar completeness since both DECam and ACS pho-
tometric catalogs are complete down to the turn-off level.
The total sample of MP stars includes ≈ 8,200 objects,
while the MI and the MR one include ≈ 5,400 and ≈
2,900, respectively. Note that we are interested in inves-
tigating the spatial distribution of these sub-populations
and not in determining their absolute star counts and
ratios.
Fig. 16 shows the histograms of the radial distance in
arcminutes for the MP (solid blue line), the MI (dashed-
dotted green) and the MR (dashed red) star samples.
The spatial distributions of the MP and MR samples are
very similar until ≈ 12′, while the fraction of MR stars
increases for larger distances until ≈ 23′. The spatial
distribution of the MI sample is different from either the
MP and the MR spatial distributions starting from a dis-
tance of ≈ 8′ from the cluster center. The frequency of
MI stars is lower compared to MP and MR stars, from
this distance until the tidal radius. The inset of Fig. 16
shows a zoom of the radial distributions from 10 to 40′.
It is clear how the number of MR stars increases com-
pared to the MP ones starting at ≈ 12′ and then start
decreasing again at ≈ 23′, while the number of MI stars is
always lower in this distance range. For distances larger
than ≈ 40′, statistics is preventing us to fully character-
ize the behavior of these sub-populations. To verify that
our method to select the sample of MI red giants did not
alter the analysis we performed the following test. We
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Fig. 10.— i, g − i CMDs of ω Cen main-sequence in the magnitude interval 19.25 < i < 20.5. The three panels show blue (blue dots)
and red (red) main-sequence stars selected by using different g − i color limits, ∆, indicated at the top of each panel. The cyan and green
solid lines mark the blue and red main-sequence ridge lines, respectively. See the detailed explanation in §7.1.
Fig. 11.— Ratio of bMS and rMS stars as a function of distance from the cluster center and g − i color bins used to select the stars,
∆. The three panels show the same ratio for all the stars (left), for only candidate cluster members (middle) and for only candidate field
members (right) in the magnitude interval 19.25 < i < 20.5.
selected MI stars by moving the RGB ridge line 0.1 and
0.2 mag brighter and fainter on both the CMDs. We
then compared the spatial distribution of the new sam-
ple of MI stars with those of the MP and MR stars. The
result is the same within uncertainties, with the MI stars
being more centrally concentrated compared to the MP
and the MR stars.
Fig. 17 shows the cumulative radial distributions of
MP, MI and MR stars. This plot clearly shows that
MI stars are more centrally concentrated compared to
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Fig. 12.— Logarithm of the ratio of candidate field and cluster blue (left panel) and red (right) main-sequence stars in the magnitude
interval 19.25 < i < 20.5 for different g − i color bins used to select the stars, ∆.
the MP and the MR stars, while the MP stars are more
concentrated than the MR stars for distances 10 . r .
20′. Moreover, the ω3 sub-population has a more ex-
tended spatial distribution when considering distances
larger than 10′. This result confirms the findings of CS07,
where an increase of ω3 star counts compared to the other
RGs was observed with increasing distance from the clus-
ter center. In particular, the fraction of ω3 stars increases
from ≈ 3% at r ≈ 8′ to ≈ 7% for larger distances (for
more details please see their Table 3).
The current results also agree with previous
findings by Hilker & Richtler (2000) based on
Stro¨mgren photometric metallicities for a sample of
ω Cen RGs. These authors showed that more metal-
rich RGs are more concentrated compared to more
metal-poor stars within a radius of 10′ from the cluster
center. Sollima et al. (2005), based on photometry of a
sample of RGs for a field of view of ≈ 0.2×0.2◦ across
the cluster, found a similar result. All these previous
studies were based on photometric catalogs covering a
radial distance until ≈ 20′. DECam data allowed us
for the first time to analyze the spatial distribution
of ω Cen RGB sub-populations across a much larger
portion of the cluster and to disclose the peculiar
behavior of ω3 branch stars.
We also investigated for the presence of a spatial segre-
gation of the MP, MI and MR star sample. Table 6 lists
the ratio of MR, MI and MP stars, N(MR)/N(MP )
and N(MI)/N(MP ), in the four quadrants of ω Cen,
i.e. NW, NE, SW and SE. For the MR to MP star ra-
tio, values are in agreement within uncertainties in the
three NW, SW and NE quadrants, while a deficiency of
MP stars is present in the SE quadrant. The MI to MP
star ratio show a clear West-East asymmetry, due to the
decrease of MP stars in the Southern quadrant of the
cluster, while MI stars are more numerous in the NW,
NE, and SE quadrants of ω Cen. The same table lists
the number of MP, MI and MR stars in the four differ-
ent regions. A clear asymmetry is present, with the MP
being much more numerous in the two Northern quad-
rants, while MR and MI stars have a deficiency in the
SW quadrant of ω Cen.
Jurcsik (1998) showed that more metal-rich stars in
ω Cen ([Fe/H ] ≥ −1.25) are segregated in the South-
ern part of the cluster, while the metal-poor ([Fe/H ] ≤
−1.75) stars in the Northern. The centroid of these two
groups are ≈ 6′ apart. The segregation of MR stars
in the Southern half of ω Cen was confirmed by Hilker &
Richtler (2000), while they did not find an equivalent seg-
regation for the MP sub-population. Our data seem to
support a different distribution of MP, MI and MR stars
in ω Cen, and a clear excess of MP stars in the Northern
half of the cluster and a deficiency of MI and MR stars in
the SW quadrant. However, we do not have homogenous
abundance measurements for MP, MI and MR stars up
to ω Cen tidal radius. Spectroscopic measurements for
stars belonging to the different sub-populations in the
outskirts of the cluster are now needed to better charac-
terize the spatial distribution of MP, MI and MR RGB
stars in ω Cen.
9. SUMMARY AND CONCLUSIONS
We presented multi-band photometry of ω Cen for a
total FoV of ≈ 2×2◦ across the cluster. Images were col-
lected with the wide field camera DECam and combined
with ACS data for the crowded regions of the cluster
core. The availability of the u-band photometry allowed
us to use a new method based on color-color-magnitude
diagrams to separate cluster and field stars. We ended up
with a final photometric catalog of ≈ 1.7 million cluster
members, including photometry in seven filters, namely
F475W,F625W,F658N, u, g, r, i. To our knowledge, this
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Fig. 13.— i, g − i CMDs of candidate cluster (left panels) and field (right panels) stars for two different external radial bins.
TABLE 5
Star counts and population ratio for bMS and rMS candidate ω Cen and field stars.
Distance N(rMS) N(NbMS) N(rMS)field N(bMS)field r(bMS/rMS) r(bMs/rMs)field
(arcmin)
7.5 21128 7672 69 50 0.36±0.003 0.72±0.13
12.5 26778 6921 23 93 0.25±0.003 4.04±0.15
17.5 16271 3053 54 82 0.19±0.004 1.52±0.03
22.5 8051 1340 314 200 0.17±0.005 0.64±0.02
27.5 3360 717 663 270 0.21±0.009 0.41±0.01
32.5 1308 512 1171 384 0.39±0.02 0.33±0.01
37.5 470 334 1349 588 0.71±0.05 0.44±0.01
42.5 199 193 1401 708 0.97±0.10 0.50±0.01
47.5 115 143 1387 873 1.24±0.15 0.63±0.01
52.5 93 93 1383 915 1.00±0.15 0.66±0.01
57.5 78 59 1166 778 0.76±0.13 0.67±0.02
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Fig. 14.— Left - Density color map of the ratio of bMS and rMS stars as a function of star position in arcminutes. The green arrows
mark the direction of the Galactic center (GC), ω Cen proper motion (PM), and the direction perpendicular to the Galactic center (PGP).
The color scale is shown at the bottom. Right - Reddening color density map for the observed region across ω Cen as a function of star
position in arcminutes. The direction of the GC, the cluster PM and the PGP are indicated with red arrows and the color scale is shown
at the bottom.
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Fig. 15.— Top - DECam u, u− i CMD of ω Cen cluster mem-
bers. The selected metal-poor (MP) red-giant branch stars (blue
dots), metal-intermediate (MI, green), and metal-rich (MR, red)
are over-plotted. Bottom: ACS F475W, F475W − F625W CMD
of ω Cen cluster members. Selected MP, MI and MR stars are
marked.
TABLE 6
Number of metal-poor (MP) and metal-rich (MR) sub- and
red-giant branch stars in the different quadrants of
ω Cen.
N(MR)/N(MP ) N(MI)/N(MP ) N(MP ) N(MI) N(MR)
NW 0.34±0.02 0.57±0.02 2651±51 1504±39 829±29
SW 0.35±0.02 0.57±0.02 1837±43 1056±32 636±25
NE 0.38±0.02 0.72±0.02 1915±44 1377±37 761±28
SE 0.41±0.02 0.81±0.03 1616±40 1318±36 682±26
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Fig. 16.— Histograms of the spatial distribution of the metal-
poor (blue solid line), metal-intermediate (green dotted-dashed),
and metal-rich (red dashed) sub- and red-giant branch stars. The
inset shows a zoom of the region included in 10 < r < 40′.
is the largest multi-band data set ever collected for a
Galactic globular cluster and covering the widest FoV
after our ACS-WFI catalog published in CS07.
DECam precise photometry allowed us to observe the
split along ω Cen MS and to show that it is present at
all distances from the cluster center. The bMS is well-
separated from the rMS in the magnitude range 19.0
≤ i ≤ 21.0. The g − i color distance between the two
sequences is changing with magnitude and reaches a max-
imum of -0.18 mag at i ≈ 21 mag. The color separation
between the rMS and the bMS is the same, within the
uncertainties, at all distances from ω Cen center, ranging
from ≈ 0.07 to ≈ 0.18 mag according to the magnitude
interval.
DECam data allowed us for the first time to ana-
lyze the spatial distribution of the different ω Cen sub-
populations across the cluster until the nominal tidal ra-
dius of 57′. In particular, we were able to investigate the
spatial distribution of the two cluster main sequences.
We found that stars belonging to the bMS are more cen-
trally concentrated compared to stars belonging to the
rMS up to a distance of ≈ 25′. The frequency of bMS
stars is then steadily increasing up to ≈ 50′, with the
ratio of bMS and rMS stars being larger than 1. The
ratio of bMS to rMS stars shows an asymmetric clumpy
distribution across the cluster, with an excess of bMS
stars in the Northern half. The over-density of bMS stars
in the cluster North-East quadrant is pointing towards
the Galactic center, suggesting a connection between the
spatial distribution of bMS stars and ω Cen dynamical
evolution.
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Unfortunately, our photometry does not allow us to
identify the continuation of the bMS on the sub- and
red-giant branch phases. We then analyzed the spatial
distribution of a sample of MP and MI stars selected
along the sub- and red-giant branch by using ridge lines
in the u, u − i and F475W, F475W − F625W CMDs.
Moreover, stars belonging to the ω3 branch, the most MR
sub-population in the cluster according to spectroscopy,
were also selected. The three samples show a different
spatial distribution; MI stars are more concentrated com-
pared to MP and MR ones, while MP star are more con-
centrated than MR stars for distances in the interval 10
. r . 20′. Data clearly show that the ω3 sub-population
has a more extended spatial distribution when consider-
ing distances larger than 10′. This result confirms the
findings of CS07, where an increase of the number of
ω3 stars compared to the other RGs with increasing dis-
tance from the cluster center was found. Star counts of
the MP, MI and MR samples show that a deficiency of
MI and MR stars the SW quadrant of ω Cen is present.
Moreover, MP stars are more numerous in the Northern
half of the cluster.
Stellar populations with different metallicities and age
show different spatial distributions with the more metal-
rich sub-populations being more centrally concentrated
in some nearby dwarf spheroidal galaxies such as Carina,
Sculptor, Fornax (Monelli et al. 2003; del Pino et al.
2013; Fabrizio et al. 2015; Ho et al. 2015; Mart´ınez-
Va´zquez et al. 2016). The same behavior is observed
in a Galactic globular cluster presenting a significant
spread in iron abundance, Terzan 5. The metal-rich
sub-population in this cluster is more centrally concen-
trated compared to the metal-poor one (Ferraro et al.
2016). The case of ω Cen seems to be different from both
known Local Group dwarf spheroidal galaxies and clus-
ters presenting stellar populations with different metal-
licities. ω Cen MI selected RGs are indeed more cen-
trally concentrated compared to the MP ones, but the
ω3 sub-population shows a more extended spatial dis-
tribution. The bMS stars, spectroscopically claimed to
be more metal-rich compared to rMs stars, also show a
more extended and very asymmetric spatial distribution.
A few main conclusions can then be drawn:
• ω Cen hosts a metal-intermediate RGB sub-
population that behaves as the metal-intermediate
and metal-rich stellar populations in some nearby
dwarf spheroidal galaxies and Terzan 5, being
more centrally concentrated compared to the clus-
ter metal-poor RGB sub-population. This stellar
sub-population is peculiar compared to the typical
second generation of stars present in other glob-
ular clusters, presenting not only a different iron
abundance and its own chemical anti-correlations,
according to spectroscopic analyses (Gratton et al.
2011; Marino et al. 2011, 2012), but also a very
different spatial distribution;
• ω Cen bMS stars are more centrally concentrated
compared to rMS stars up to a distance of ≈
25′. The frequency of bMS stars, supposedly more
metal-rich than the rMS stars according to spectro-
scopic measurements, steadily increases at larger
distances, outnumbering the rMS stars until ap-
proximately the cluster tidal radius. Their spatial
distribution is asymmetric and clumpy, with an ex-
cess of bMS stars in the direction of the Galactic
center;
• ω Cen hosts a metal-rich sub-population making
up the cluster third MS, MS-a, and the reddest
and faintest RGB, the ω3 branch. These stars
are more centrally concentrated compared to more
metal-poor stars up to a distance of ≈ 10′ from
the cluster center, and their frequency increases at
larger distances, showing a more extended spatial
distribution;
• The behavior of the bMS and the ω3 branch is simi-
lar, being both sub-populations more concentrated
in the central regions and more extended in the out-
skirts of the cluster. This results suggests a possible
common origin for these stellar sub-populations.
The current photometric catalog, thanks to its accu-
racy and spatial coverage, allowed us to disclose the
complex spatial distribution of different stellar sub-
populations in ω Cen. These results, if confirmed, will
make ω Cen the only stellar system known to have more
metal-rich stars with a more extended spatial distribu-
tion compared to more metal-poor stars.
Further data are now needed to solve the ω Cen puzzle.
The current photometry combined with abundance and
radial velocity measurements for stars of the different
stellar sub-populations across the entire cluster will allow
us to better understand the origin of ω Cen.
Further homogeneous photometric data are also
needed to better characterize the behavior of the differ-
ent stellar sub-populations until and beyond the nominal
tidal radius of 57′. We have an approved DECam pro-
posal to observe an area around ω Cen beyond its nom-
inal tidal radius. The new data will allow us to better
characterize the spatial distribution of ω Cen different
stellar sub-populations. In particular, we are interested
in confirming the more extended spatial distribution of
the bMS and the ω3 branch stars. With homogenous
photometry covering a FoV of at least 3×3◦ across the
cluster and including the u-filter, we will be also able to
confirm the presence of stellar over-densities tracing tidal
tails around ω Cen, previously found by Marconi et al.
(2014), and to detect new stellar debris if present.
We thank the anonymous referee for very helpful sug-
gestions which led to an improved version of the paper.
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Fig. 17.— Cumulative radial distributions of metal-poor (blue
solid line), metal-intermediate (green dashed-dotted), and metal-
rich (red dashed) sub- and red-giant branch stars.
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